INTRODUCTION
The objective of this study was to provide design engineers with elevated-temperature data on the mechanical properties, particularly c r e e p strength, of beta-quenched uranium. m a t e r i a l failures resulting f r o m s t r e s s-induc ed time-dependent deformation.
Such data will aid in the analysis of TENSILE PROPERTIES A T 28, 300, 500, AND 700 C
Material and T e s t Equipment
The uranium was obtained in the beta-quenched condition. ---T he-a s -r e c e i v ed-ba r s-w er-e-a p p r oxim at el y 1.5-in .--in-di am e t e r .
Standard 0.505-in. tensile specimens w e r e machined f r o m the bars. The gage sections w e r e ground and specimens w e r e tested without any additional heat treatment. p e r a t u r e because of the limited quantity of material.
Only one specimen w a s tested a t each test tem--Elongatioh was measured by means of SR-4-type s t r a i n gages bonded Elonto the specimen gage section.
indicate elongation, which could be read accurately to *O. 000005 in. the s t r a i n gages. testing. corresponds to a n approximate s t r a i n r a t e of 0.003 p e r min.
An SR-4 strain-gage indicator was utilized to --gatioms-greater than 1.5-per cent w e r e not obtained because of limitations of -_-Total elongations w e r e measured on all specimens a f t e r The crosshead speed f o r all tests was 0. 01 in. p e r min, which All specimens tested a t elevated temperatures w e r e tested in a specially designed vacuum tank, which contained a resistance-wire-wound furnace, the specimen, and an extensometer. The extensometer was the clip-gage type which m e a s u r e s the elongation of a specimen through a concentric rod-in-tube arrangement. mounted on both s u r f a c e s w e r e s o constructed that a considerably g r e a t e r s t r a i n range could be obtained f r o m the s t r a i n gages. The leads f r o m the gages and the thermocouple l e a d s w e r e brought through the wall of the vacuum tank and attached to the appropriate indicating instruments. p r e s s u r e in the vacuum tank was brought to 5p of m e r c u r y before heat w a s applied to the specimen. slowly to allow i t to degas and held 1 h r before tef"rlg. was held constant within f 1.5 C during the test.
Spring-type clips with s t r a i n gages
The
The specimen was brought to the t e s t temperature
The temperature
Results
The r e s u l t s f r o m these t e s t s are tabulated i n Table 1 and a r e shown The tensile strength of alpha uranium d e c r e a s e s graphically _ I in F i g u r e 1. quite rapidly with increasing temperature in the r a n g s f r o m 28 to 500 C. elongation a t 700 C h a s been reduced by a factor of 4 compared with the elongation obtained a t 500 C. ductility can be attributed to the change in crystal structure. to-beta transformation occurs a t approximately 654 C, the temperature at
The tensile strengths at 500 and 700 C a r e quite similar; however, the. which the s t r u c t u r e changes -.@ structure.
f r o m an orthorhombic to a complex tetragonal H a r d n e s s of uranium a t elevated temperatures, F i g u r e 2, indicates by another t e s t method that the strengths a t 500 and 700 C would be similar. The h a r d n e s s of uranium has been increased nearly fivefold by the t r a n sformation process. tion with a considerable loss in ductility.
G r e a t e r strength has been achieved by the transforma-CREEP PROPERTIES AT 100, 250, 400, AND 500 C
M a t e r i a l s and Test Equipment
The m a t e r i a l used in c r e e p t e s t s a t 100, 250, and 400 C was supplied
The a v e r a g e compoby H A P 0 and was c a s t f r o m unpickled d e r b y uranium. sition of the uranium is tabulated below. The m a t e r i a l was received a s 1.5-in. -diameter b a r s and was subsequently forged a t 577 C to 1.125-in.-square b a r s . helium-atmosphere furnace and w a t e r quenched after forging. The forged slugs w e r e rolled to 0.50-in. -d i a m e t e r rod f r o m a s a l t bath a t 577 C, and then air cooled.
rolling. and w a t e r quenched.
The b a r s w e r e forged f r o m a
The s l u g s were reduced approximately 88 p e r cent in All rolled m a t e r i a l w a s heat treated 1/2 h r a t 725 C in a salt bath
The rods w e r e washed and pickled.
P r i o r to machining, s a m p l e s w e r e cut f r o m each end and the center of the b a r s for r o o m -t e m p e r a t u r e h a r d n e s s and grain-size determination. These t e s t s w e r e made to check the uniformity obtained f r o m the heat t r e a tment and quench. The h a r d n e s s values and grain s i z e s a r e shown in Table 2 and F i g u r e 3, respectively. T h e r e w e r e only v e r y slight differences in h a r d n e s s and i n grain size, indicating no effective differences in properties f r o m end to end in the as-quenched bars.
Tensile-creep specimens 3 in. long and with 2-in. -long 0.25-in. C r e e p t e s t s at elevated t e m p e r a t u r e s w e r e conducted i n a specially . -0 designed vacuum c r e e p unit shown i n F i g u r e 4. E a c h unit is essentially a resistance-wire-wound furnace enclosed in a vacuum chamber. i s surrounded by eight concentric stainless steel radiation shields spaced 0.25 in. apart. Stainless s t e e l baffles placed at the top and bottom of the furnace a l s o help prevent heat l o s s f r o m the ends of the furnace.
The furnace
The furnace, reflectors, and baffles a r e enclosed in the vacuum chamber, which h a s a bellows a r r a n g e m e n t a t top and bottom. F i g u r e 5 is an assembly drawing of the components. through these bellows and a r e attached to a fixed frame and a l e v e r arm. The bellows p e r m i t deformation of a t e s t specimen without disturbing the vacuum system. The vacuum chamber has small Vycor windows that a r e diametrically opposed and a r e aligned with openings in the baffles and furnace tube to provide a m e a n s of reading the extensometer attached to the specimen during testing.
The
weight of the testing equipment and to compensate f o r the l o s s i n load due to the effect of the evacuated bellows. which the extension exceeded 2 p e r cent.
Provisions a r e made to balance out any extraneous
The load w a s readjusted f o r t e s t s i n The extension of the specimens during testing w a s m e a s u r e d by an optical method. The movement of intersliding platinum s t r i p s attached to specimens w a s m e a s u r e d with a n optical comparator. a t 24-hr intervals, except a t the beginning of a t e s t o r when the specimen w a s elongating rapidly. min f o r the f i r s t hour, and then hourly f o r the following 8 hr. The sensitivity of the optical comparator i s 50p in.
Readings w e r e taken
Readings w e r e taken on this group of t e s t s e v e r y 10 T e s t t e m p e r a t u r e s w e r e held within * 3 / 4 C f o r t e s t s a t 500 C and within f 1/2 C for t e s t s at 400, 250, and 100 C . combination with an anticipator-type controller circuit maintained these test temperatures. Before a load w a s applied to a t e s t specimen, the chamber was evacuated to 5 p o f m e r c u r y p r e s s u r e and held a t t e s t t e m p e r a t u r e f o r 1 h r .
A Foxboro controller in
The c r e e p specimens tested a t 500 C w e r e p r e p a r e d f r o m the s a m e m a t e r i a l as w e r e the tensile-t e s t specimens and w e r e "triple-dipped" beta quenched. However, one c r e e p t e s t was p e r f o r m e d a t 500 C and 4500 psi on a specimen of the same material as w a s used in c r e e p testing a t lower t e m p e r a t u r e s ; the specimen was heated 1/2 h r a t 725 C in a salt bath and w a t e r quenched.
given i n F i g u r e 6 .
of the e a r l y portions of the curve w e r e m o r e noticeably different. It was felt ultimately that t h e r e w a s not sufficient difference between the two to w a r r a n t testing of both m a t e r i a l s a t 500 C.
C r e e p c u r v e s for these two beta-quenched m a t e r i a l s a r e
The r e s u l t s w e r e only slightly different, but the shape 
Results
The c r e e p properties of beta-quenched uranium a r e summarized in Table 3 and in F i g u r e s 7 through 18. have been plotted on two time s c a l e s to provide a better comparison of data a t the s h o r t times. The c u r v e s in F i g u r e 17 w e r e plotted to show the variance of minimum c r e e p r a t e with s t r e s s a t the t e s t temperatures. slopes of these c u r v e s change between 250 and 400 C . This change in slope is probably indicative of a change i n the dominant c r e e p mechanism.
The deformation v e r s u s time curves The
The relationship between the c r e e p s t r e s s and t e s t temperature is 
The inflection points i n the By using the relation u = f (ieAH/RT) with which J. E. Dorn(1) and a s s o c i a t e s successfully correlated the c r e e p of aluminum, iron, nickel, copper, zinc, platinum, gold, and lead a t elevated temperatures, a value f o r AH of approximately 52,000 kcal p e r mole was calculated f o r temperat u r e s in the range 400 to 500 C. In the above relationship cr = s t r e s s , 6 = secondary c r e e p rate, R = g a s constant, T = absolute temperature, and A H = the activation energy for creep. Dorn a l s o found that f o r a given metal the AH value f o r c r e e p agreed quite well with the activation energy f o r selfdiffusion. A second correlation reported by D o r n w a s that t h e r e is a l i n e a r relationship between the melting temperature of a given metal and the activation energy f o r self-diffusion. predicts a melting temperature f o r uranium of approximately 1130 C which is very close to the accepted value of 1133 C(2). the activation energy of c r e e p a l s o a g r e e s quite well with the value of Assuming this to be c o r r e c t , such a plot The calculated value for 50,000 cal p e r mole f o r grain-boundary relaxation deter,mined by internal friction methods reported by R. E. Maringer(3) .
Mic r o s t r u c t u r e
Representative m i c r o s t r u c t u r e s of as-treated material are shown i n F i g u r e 3. s m a l l e r g r a i n s mixed throughout the structure. s o m e twinned regions. This is a typical beta-quenched structure: l a r g e g r a i n s with
The l a r g e r g r a i n s have (1) References at end, (1) F i g u r e 19, moderately twinned s t r u c t u r e (2) F i g u r e 20, severely twinned s t r u c t u r e (3) F i g u r e 21, twin growth and grain-fragmented s t r u c t u r e (4) F i g u r e 22, grains breaking up to f o r m small equiaxed grains.
T h e r e did not appear to b e any correlation between m i c r o s t r u c t u r e and t e s t temperature, total deformation or t i m e a t test.
